Abstract. In this paper we introduce a new model for the location of the auroral oval. The auroral boundaries are derived from small-and medium-scale field-aligned current (FAC) based on the high-resolution CHAMP (CHAllenging Minisatellite Payload) magnetic field observations during the years 2000-2010. The basic shape of the auroral oval is controlled by the dayside merging electric field, E m , and can be fitted well by ellipses at all levels of activity. All five ellipse parameters show a dependence on E m which can be described by quadratic functions. Optimal delay times for the merging electric field at the bow shock are 30 and 15 min for the equatorward and poleward boundaries, respectively. A comparison between our model and the British Antarctic Survey (BAS) auroral model derived from IMAGE (Imager for Magnetopause-to-Aurora Global Exploration) optical observations has been performed. There is good agreement between the two models regarding both boundaries, and the differences show a Gaussian distribution with a width of ±2 • in latitude. The difference of the equatorward boundary shows a local-time dependence, which is 1 • in latitude poleward in the morning sector and 1 • equatorward in the afternoon sector of the BAS model. We think the difference between the two models is caused by the appearance of auroral forms in connection with upward FACs. All information required for applying our auroral oval model (CH-Aurora-2014) is provided.
Introduction
The auroral oval is the region in the ionosphere receiving the main part of the magnetospheric particle precipitation. It usually appears as luminous bands surrounding both geomagnetic poles at ionospheric altitudes (Feldstein, 1963; Khorosheva, 1967; Frey, 2007) . One important feature of the auroral oval pattern is that it approximately forms the boundary of the polar cap, inside which the magnetic field lines are open and merged with interplanetary magnetic field (IMF) lines. The auroral oval is quite dynamic and generally related to the prevailing geomagnetic activity. The exact location of the equatorward oval boundary depends both on the energy of the precipitating particles and the magnetospheric electric and magnetic fields (Kauristie et al., 1999) , while the size of the polar cap depends on the amount of magnetic field energy stored in the tail lobes. The locations of the auroral boundaries are important parameters for estimating the energy flows in the solar-wind-magnetosphere-ionosphere system (Baker et al., 1997) . Therefore, monitoring the whole auroral oval on a quasi-instantaneous basis is of great interest for the study of magnetospheric dynamics.
Based on DMSP (Defense Meteorological Satellite Program) auroral photographs, there have already been some early model attempts for predicting the location of the auroral oval (Feldstein and Starkov, 1970; Holzworth and Meng, 1975; Hardy et al., 2008) and the global distribution of the electrons and ions streaming into the ionosphere (Hardy et al., 1985) . However, these observations did not cover all the magnetic local times (MLT) well, in particular in the Southern Hemisphere. A much improved model of the auroral oval was derived from optical observations of the IMAGE (Imager for Magnetopause-to-Aurora Global Exploration) satellite. This spacecraft was able to provide pictures of the whole oval every 2-3 min. Based on these data, Boakes et al. (2008) and Longden et al. (2010) developed techniques for an automatic detection of the auroral boundaries. A corresponding data set containing the boundary locations in the Northern Hemisphere for the years May 2000-October 2002 is available at the British Antarctic Survey (BAS) server. Using 10 years of continuous magnetic field observations from CHAMP (CHAllenging Minisatellite Payload), Xiong et al. (2014) developed an alternative method for detecting the auroral boundaries from field-aligned current signatures. In a statistical analysis they demonstrated the reliability of their approach. In this study we will make use of this boundary detection approach to develop an empirical model for the auroral oval. Different from the BAS model we cover both hemispheres and provide oval positions for the whole solar cycle from 2000 to 2010.
In the sections to follow we first briefly repeat the detection approach described by Xiong et al. (2014) . The main part, Sect. 3, is concerned with the design of suitable control parameters determining the shape of the oval boundaries. It is followed by a detailed description of the processing steps. A systematic validation of our model versus others, in particular the BAS model, is presented in Sect. 4. Important features of the model are summarized in Sect. 5.
Data and processing approach
The CHAMP satellite was launched on 15 July 2000 into a circular, near-polar orbit (inclination: 87.3 • ) with an initial altitude of 456 km. By the end of the mission, 17 September 2010, the orbit had decayed to 250 km. For this study we make use of the fluxgate magnetometer (FGM) on board CHAMP that provides magnetic vector field readings at a rate of 50 Hz and a resolution of 0.1 nT. The data were calibrated routinely with respect to the onboard absolute scalar Overhauser magnetometer (OVM) and provided as Level-2 readings (1 Hz).
For our boundary detections we make use of the two transverse components in a mean-field-aligned (MFA) coordinate system, which is suitable for calculating field-aligned currents (FAC). The mid-point of a significant increase of FAC intensity has been used to determine the auroral boundaries. Details of the MFA coordinates and the applied FAC determination are given in Xiong et al. (2014) . The FAC intensities calculated by our approach reflect mainly the small-and medium-scale (< 150 km) field-aligned currents. The advantage of favoring the smaller scale FACs is that boundaries appear sharper. Further, an automatic approach for detecting the boundaries of the auroral oval based on the intensity of FACs has been developed and applied by Xiong et al. (2014) . Here we make use of the derived boundary locations from the whole CHAMP mission.
The auroral oval model

The controlling parameter for the model
In our previous study (Xiong et al., 2014) , 10 years of CHAMP observations from August 2000 to August 2010 have been used for studying the characteristics of the auroral oval. We have tested the functional relations between the latitudes of the auroral boundaries and different magnetic activity indices. Best results for a linear dependence were derived for both boundaries when using the merging electric field. The other indices, like auroral electrojet (AE) index and Dst, also provide good linear relations but with some caveats. Therefore, we choose the merging electric field derived from solar wind data for characterizing the expansion of the auroral oval and for parameterizing the model in this study.
The merging electric field we used is the new coupling function as defined by Newell et al. (2007) :
where V sw denotes the solar wind velocity, B y and B z denote the y and z components of the interplanetary magnetic field (IMF) in geocentric solar magnetospheric (GSM) coordinates, and θ is the clock angle of the IMF (tan(θ ) =
). To make the numerical values comparable with the merging electric field (in mV m −1 ) defined by Kan and Lee (1979) , we use V sw in units of km s −1 and B y and B z in nT for calculating the E m in Eq. (1) and then divide the value by a factor of 1000.
An important characteristic of the magnetosphereionosphere system that has to be taken into account (Werner and Pröss, 1997; Liu et al., 2010) is its "memory effect" with respect to solar wind input changes . The time-integrated E m can be defined as
where E m is treated as a continuous function of time t , t 1 is chosen 3 h before the actual epoch, and τ is the e-folding time of the weighting function in the integrands. In this study τ = 0.5 h is found to be the most suitable for our model. The values for t 1 and τ were determined experimentally, providing the best linear relation between the retarded E m and latitudes of the boundaries.
Ellipse fitting to the auroral oval
In this study we use the approach presented in Xiong et al. (2014) to determine the auroral boundaries from the CHAMP FAC signatures. In order to describe the auroral boundaries by analytical functions all the detections are divided into bins of different activity levels as defined by E m . To make sure that the numbers of samples in each E m bin is large enough, the sizes of E m bins are different for different activity levels. The E m range and center value of each bin is listed in Table 1 . Figure 1 presents the distribution of the number of events separately for both boundaries and hemispheres. "EAB" and "PAB" represent the equatorward and poleward auroral boundary, respectively. The sizes of the bins have been chosen such that the number of events is more than 1000 and 800 for EAB and PAB, respectively. These large numbers of detections will guarantee a sufficient number of entries at all MLTs and activity bins.
Ann
The boundary detections of each E m bin are first divided into 24 MLT bins (2 h wide overlapping bins). From these values the central latitudes of the boundaries are determined for the different MLTs. The latitude distributions of the boundary detection occurrence rates for the bin around midnight are presented in Fig. 2 (left column) for four examples of E m levels. From top to bottom the values of E m cover the ranges: 0.2-0.4, 1.8-2.0, 5.0-5.3, and 9.0-10.5, respectively. All the latitude profiles of occurrence rates resemble Gaussian normal distributions quite well, and the latitudes at peak values can be taken as representative of the E m activity level. It can be clearly seen that with increasing E m the center latitude of the equatorward boundary appears at 67, 65, 62, and 59 • in apex latitude, while the poleward boundary stays between 72 and 74 • in apex latitude. For the actual determination of the mean latitude in each MLT bin, only the detections within the latitude range where the occurrence rate is larger than 5 % are used. This is done to eliminate the influence of individual outliers. The derived mean latitudes of the detections are presented in Fig. 2 (right column) for every MLT hour as black and red dots for the equatorward and poleward auroral boundaries, respectively.
In a next step we use the 24 hourly mean values of the detections in each E m bin and fit ellipses to them for the two boundaries. As shown in Fig. 3 , five parameters are needed to represent an ellipse. The semi x and semi y are the semiaxis of the ellipse in midnight-noon and dawn-dusk directions; x 0 and y 0 are the coordinates of the ellipse center, with a positive value of x, y pointing towards midnight and dawn, respectively; ϕ 0 is the orientation angle of the ellipse between semi x and the midnight-noon axis, with positive values counting counterclockwise. All the length scales are in degrees of latitude. For most of the cases, the center of the fitted ellipse is not right at the magnetic pole, and the orientation angle of the ellipse is non-zero.
For every angle ϕ measured from the midnight-noon axis we can compute the radius r 0 from the center of the ellipse:
When taking the difference between the ellipse center and the magnetic pole into account, the radius r from the magnetic pole, namely the co-latitude of the auroral boundary, can be defined as 
In practice, it is more appropriate to have an angular representation in magnetic local time (MLT), λ = 2π · MLT/24 h. This can be derived as
Due to the offset between the ellipse center and the magnetic pole, the angular value of ϕ is not equal to the local-time angle λ. Here we use the two-step approximation to minimize the error arising from the difference between λ and ϕ. For a given MLT, we first use λ to replace ϕ in Eqs. (3) and (4), then λ is calculated from Eq. (5). The difference between λ and λ can be defined as
In the second step we can use the desired magnetic local time for quantifying ϕ ϕ = λ + λ.
Finally, this new ellipse angle will be used as ϕ in Eqs. (3) and (4) to calculate the auroral boundary location. In order to determine the dependence of the auroral oval shape on magnetic activity, we perform a dedicated analysis of the ellipse parameters. The averaged E m value and the five ellipse parameters are first derived for each E m level. Subsequently we fit quadratic functions depending on E m to each of the parameters for quantifying their dependence on activity:
where y represents any of the five ellipse parameters and p 0 , p 1 , and p 2 are coefficients determined by least-squares fitting. Figure 4 presents the obtained quadratic fits for the five parameters of the equatorward (left) and poleward (right) boundaries versus the merging electric field, E m . The black circles and red squares represent the Northern and Southern Hemisphere results, respectively. We can see that with increasing E m both semi-axes of the ellipse expand to lower latitude. For large E m values saturation effects appear for semi x and semi y of the equatorward boundary, while for the poleward boundary the saturation is limited to semi y and semi x is steadily increasing. only little. In the case of the equatorward boundary, x 0 indicates a shift away from the magnetic pole toward midnight with increasing E m ; we observe an opposite reaction for the poleward boundary, as the center moves toward dayside. The component y 0 reflects only small displacements towards dusk for all levels of E m . Compared to the other four ellipse parameters, the rotation angle, ϕ 0 , exhibits a rather scattered response to E m . For that reason, only linear dependences are derived. Since the boundaries have an almost circular shape, the angle is difficult to determine but the uncertainties of ϕ 0 have little effect. The coefficients for the functional dependence of five parameters on E m are listed in Tables 2 and 3 . The derived functions allow for a continuous description of the auroral oval shape.
The delay time
Our aim is to make estimates of the auroral boundary locations based on the prevailing merging electric field, E m . It is expected that the boundaries exhibit a somewhat delayed response to variations of E m acquired at the bow shock. Therefore, we try to find the appropriate delay times between E m readings and the application of boundary prediction. To check our empirical model we have compared the individual boundary locations derived from FAC evaluations with those of the model predictions according to Eq. (4). For different delay times of E m we determined the root mean square (RMS) values of the difference in latitude (defined as model prediction minus actual boundary detection). Such a test has been performed over a range of ±2 h delay times at steps of 15 min, separately for the dawn, noon, dusk, and midnight sectors. From Fig. 5 we can see that smallest RMS differences are found at 30 and 15 min delays for the equatorward and poleward boundaries, respectively. These delay times are used in all subsequent analyses. Figure 6 shows the distribution of boundary residuals between model and observations versus merging electric field after considering the optimal delay time for equatorward (left) and poleward (right) boundaries. Events from 2 h MLT bins have been selected around 06:00, 12:00, 18:00, and 00:00 MLT to represent dawn, noon, dusk, and midnight sectors. For all four MLT bins our empirical model shows rather consistent normal distributions of the residuals with respect to CHAMP boundary detections.
Details of the auroral oval model
For the construction of the new empirical model of the auroral oval we take advantage of the characteristics of the auroral boundaries derived from the CHAMP FAC signatures. Primary input for the model calculation is the value of E m . There is a four-step procedure intended for the prediction of the auroral boundaries.
1. Calculation of the control parameter E m , considering memory effect as defined by Eq. (2), and taking into account the delay times of 30 and 15 min for equatorward and poleward boundaries, respectively. Tables 2 and 3 to calculate the five ellipse parameters.
Using Eq. (8) and the parameters in
3. For a given magnetic local-time angle λ, the ellipse angle ϕ in the first round has to be used as equal to λ (ϕ = λ) in Eqs. (3) and (4). In a second round, ϕ is updated (ϕ = λ + λ) for another application in Eqs. (3) and (4) according to Eqs. (5) and (6). The radius r then gives the location of the auroral boundary in magnetic co-latitude.
4. It is recommended to adjust the model by actual boundary detections. This requires the following substeps.
a. Read the MLT and apex co-latitude of the CHAMP boundary crossing closest to the UT time of interest. Consider both crossings from ascending and descending arcs at the same pole, if available.
b. Calculate the predicted apex co-latitudes according to steps 1 to 3 for the CHAMP MLT and solar wind conditions. c. Determine the mean difference in co-latitude, r = (r CH1 − r mod1 + r CH2 − r mod2 )/2, where the subscripts 1 and 2 denote ascending and descending crossings, respectively.
d. Insert the adjustment of r in Eq. (4)
and repeat step 3. The resulting position is in magnetic co-latitude (distance from the magnetic pole).
We term this new empirical mode CH-Aurora-2014. For times outside the CHAMP mission period (2000-2010) the model can be used with reduced accuracy. Results are then controlled entirely by the merging electric field, E m , and they are provided by the equations up to step 3.
Validation and discussion
Comparison with the Feldstein model
The approach presented here for the first time uses fieldaligned current signatures for identifying the locations of auroral boundaries. For validating the predictions of the CHAurora-2014 model, we have, as an initial step, taken the predictions of the Feldstein model (Holzworth and Meng, 1975) for comparison. The control parameter for the Feldstein model is the Q index. Therefore, we first had to determine a suitable relation between our E m and the Q index. By using the Q index and E m data of the whole year 2005, we determined mean values of E m for each Q index. These mean values of E m have been used as input for our CH-Aurora-2014 model. equatorward boundary, the predictions from the two models are quite similar in the midnight sector but deviate clearly at other local times. CH-Aurora-2014 predictions are about 2 • equatorward from the Feldstein model in most MLT sectors. The poleward auroral boundary is predicted by both models at almost the same latitude at midnight, while at the other local times the results differ considerably. In particular around noon, the Feldstein model shows peculiar latitude variations for high activity. This may be caused by uncertainties introduced by daylight. 
Validation against the BAS auroral model
A much more detailed test of the CH-Aurora-2014 model was performed by a comparison with the BAS model. This more recent model is based on optical observations of the whole auroral oval by the IMAGE satellite. By means of an automatic detection scheme the auroral boundaries are detected (for details, see Longden et al., 2010) . At intervals of 2 to 3 min, the complete oval is recovered. The resulting database covering 2.5 years (May 2000-October 2002) of auroral boundaries in the Northern Hemisphere is freely available at the British Antarctic Survey server. The BAS model provides the auroral boundaries derived from three detectors of the far ultraviolet (FUV) imaging system instrument on board IMAGE; the boundaries derived from the Wideband Imaging Camera (WIC) have been used here for comparison.
In a one-to-one comparison we calculated the difference in latitude for every CHAMP pass when the BAS model was available. From the 2.5 year database of the BAS model, 2326 and 2295 common events were found for the equatorward and poleward boundaries, respectively. Generally we obtained a good match between the two independent observations. Figure 8 shows the distribution of the latitude differences. To first order, the difference distribution can be approximated by a Gauss curve well centered at zero. The distributions for the equatorward and poleward boundaries have similar shapes. For obtaining a more quantitative description of the differences between the models, two Gaussian functions are fitted to the distribution. The narrow (blue) curve represents the main body of observations, while the flat (red) curve represents the more serious outliers. Such a dual Gaussian distribution indicates the existence of two different type errors. The parameters of the two Gaussian curves are listed in Table 4 . For both boundaries the width of the core distribution (sigma) is only 2 • in latitude. This holds for the main part of events. We find a small bias of about 0.5 • in latitude, indicating that CHAMP detections are more poleward. Differences larger than 5 • in latitudes (outside the blue curve) are considered as outliers and are not discussed further. Individual inspections showed that sometimes the BAS model is wrong and at other times our detection algorithm fails.
Besides the general distribution of the differences between the two models, we have also looked at the local-time distribution of the differences. For this analysis we used only events with differences of less than ±5 • . The top frame of Fig. 9 shows that during the early morning hours CHAMP detects the equatorward auroral boundary about 1 • further poleward than the boundary derived from IMAGE data. Conversely, the boundary deduced from optical observation appears 1 • in latitude further poleward during afternoon hours than that derived from CHAMP FAC activity. An explanation for this apparent discrepancy could be the polarity of region 2 (R2) FACs. In the morning sector R2 is associated with upward FAC. Therefore, auroras appear at the equatorward boundary, while in the afternoon little auroral activity is associated with downward R2 FACs. Based on these arguments we may suggest that the local-time-dependent bias is introduced by the BAS model. By contrast with the optical observations, enhanced small-scale FAC activity is present under both upward and downward FACs.
In the case of the poleward auroral boundary, there is little dependence of the differences on local time. Rather, we find a general poleward bias of the CHAMP detections. The average bias value of 0.5 • in latitude is also found in the Gaussian distribution (Fig. 8 ) and is listed in Table 4 . We regard this bias value as a consequence of our definition of the thresholds in FAC activity that define auroral boundary. As described in Xiong et al. (2014) , it is the mid-point of a significant increase of FAC intensity. Such systematic biases could be taken into account in a later model version. Around noon the differences of both boundaries vary significantly. We think this is caused by sunlight contamination that is disrupting to both detection methods.
Summary and conclusion
Here we have presented an empirical model of the auroral oval based on the enhanced small-scale FAC intensity in that region. High-resolution CHAMP magnetic field data of the years 2000-2010 from both hemispheres provide the required information. The basic shape of the oval is controlled by the dayside merging electric field and the size is adjusted to actual detections of the auroral boundaries by CHAMP. Some characteristics of the presented model CHAurora-2014 are:
1. The equatorward and poleward boundaries of the auroral oval can both be fitted well by ellipses for all levels of activity.
2. All five ellipse parameters show a dependence on the control parameter, the merging electric field, E m . The E m dependence of the ellipse parameters can be fitted well by quadratic functions.
3. Best agreement between boundary detections and the prediction of its location is obtained when the merging electric field observed at the bow shock is delayed by 15 min for the poleward boundary and 30 min for the equatorward boundary. In addition, the memory effect of the ionosphere requires that the last 3 h of E m should be taken into account.
4. A majority of the CH-Aurora-2014 boundaries is in good agreement with the BAS model derived from IM-AGE optical observations. Differences show a Gaussian distribution with a width of ±2 • in latitude. Besides that, there are some obvious outliers which can be traced back to either of the two detection approaches.
5. There is a local-time-dependent difference of the equatorward boundary between the two models. CH-Aurora-2014 finds the boundary 1 • polewards in the morning sector and 1 • in latitude equatorward during the afternoon sector of the BAS model. We think this is caused by the appearance of auroral forms in connection with upward FACs.
CHAMP detections of the auroral boundaries are available from August 2000 to September 2010. This is a sizeable data set for studying the dynamic of the oval for a wide range of ambient conditions. An extension of the series is intended based on Swarm data from 2014 onward. All required information and data needed for using CH-Aurora-2014 can be found at http://geomag.org/models/.
